Introduction
============

The formation of representations in visuo-spatial working memory (VSWM) in the absence of bottom-up sensory input is referred to as visual mental imagery. The emerging view is that this process engages the same areas (and neurons) which are activated by visual presentation of that attribute (see Postle, [@B18]; D\'Esposito, [@B13] for discussion of sensory recruitment hypothesis; Chelazzi et al., [@B11]; Kosslyn et al., [@B15]; Sack et al., [@B26], [@B24]; Harrison and Tong, [@B14]; Serences et al., [@B29] for some evidence). Recent transcranial magnetic stimulation (TMS) studies have offered further support for this view. For example, phosphene induction is facilitated when the subject is engaging in visual imagery (Sparing et al., [@B35]), indicating that imagery increases visual cortical excitability, possibly through parietal modulation (Sack et al., [@B25]). Furthermore, phosphenes induced during mental imagery contain features of the memory item (Silvanto and Cattaneo, [@B30]), suggesting that mental imagery preferentially activates neurons which also play a causal role in visual perception of that feature.

Although much is known about the impact of various stimulus properties (such as luminance contrast and spatial frequency) on *visually* evoked neural activity, much less is known about how they modulate neural activity when they are properties of a *mental image*. This is an important question because previously reported facilitatory effects of mental imagery on phosphene perception could be due to factors such as attention (which has been shown to facilitate phosphene perception; Bestmann et al., [@B2]). In this view, the increased visual cortical excitability might reflect imagery-induced attentional facilitation of the maintained attributes rather than the actual content of the mental image. Here we addressed this question by investigating how a parametric manipulation of an imagined stimulus attribute affects the neuronal excitability of the early visual cortex. This was accomplished by manipulating luminance contrast, a stimulus property known to strongly affect the magnitude of neuronal responses in the early visual areas (e.g., Dean, [@B12]; Albrecht and Hamilton, [@B1]). For example, in human early visual areas the BOLD signal increases with stimulus contrast, and contrast discrimination thresholds correlate with the strength of V1 activation (e.g., Boynton et al., [@B4]; Buracas and Boynton, [@B6]).

Transcranial magnetic stimulation-induced phosphenes were used to assess neuronal excitability in the visual cortex (see, e.g., Boroojerdi et al., [@B3]; Sparing et al., [@B35]; Rauschecker et al., [@B20]; Silvanto et al., [@B31]; Bestmann et al., [@B2]; Romei et al., [@B23], [@B22]; Marzi et al., [@B16]; for other studies using this phosphene approach). The logic was that, if the early visual cortex plays a role in the encoding of luminance information contained in mental images, then modulating the contrast of mental imagery should change visual cortical excitability and thus affect the likelihood of phosphene induction. Subjects were presented with a grating which they were asked to actively hold in VSWM; TMS was applied during the maintenance period. Subjects were asked to indicate whether they perceived the phosphene, and if so, to rate its intensity.

Four experiments were carried out. In Experiment 1, TMS was applied at phosphene threshold (PT). In order to ensure that subjects were actively engaged in active maintenance, catch trials assessing memory for stimulus contrast were included. In Experiments 2 and 3, TMS intensity and the presence/timing of the catch trials were manipulated. Specifically, we investigated whether the impact of imagery contrast on phosphene perception is dependent on the TMS intensity; this was accomplished by applying TMS at either PT or at a lower (90% of PT) intensity. Furthermore, to investigate whether the catch trials affected the assessment of excitability in Experiment 1, no catch trials were included in Experiment 2, and in Experiment 3, the time point at which the catch trial is presented was changed. Additionally, a non-visual working memory (WM) control experiment (involving auditory memory) was carried out (Experiment 4) in order to determine any effects of non-visual cognitive load on phosphene perception.

Experiment 1: The Impact of Luminance Contrast of Mental Imagery and Passive Viewing on Phosphene Perception
============================================================================================================

Method
------

### Participants

Ten participants (five males, mean age = 23.5, SD = 3.2) took part in Experiment 1. The experiment was undertaken with the understanding and written consent of each participant. The study was approved by the institutional review board of University of Milano-Bicocca, and all subjects were treated in accordance with the Declaration of Helsinki. All subjects were selected among a larger sample of volunteers with the inclusion criterion being the ability to consistently perceiving phosphenes with eyes open. All subjects were naïve to the aims of the study. The same criteria also hold for Experiments 2, 3, and 4 (see below).

### Visual stimuli and experimental task

The stimuli were presented on a 17-inch (800 × 600 pixels) monitor and consisted of a sinusoidal circular grating in a Gaussian envelop with a spatial frequency of 1 cycle/degree, and mean luminance of 6 cd/m^2^. Its diameter was 7° of visual angle and it was viewed from a distance of 57 cm. Three different contrasts were used (Michelson contrasts of 0.1, 0.5, and 0.9). The orientation of the grating was 30° from the vertical, either clockwise or counterclockwise. The center of the stimulus was at fixation.

#### "Visual Imagery" condition

Each trial began with a black fixation point appearing in the middle of the screen for 1000 ms, followed by a blank screen for 500 ms, after which the grating appeared for 500 ms (see Figure [1](#F1){ref-type="fig"} for a timeline of each trial). In the "Visual Imagery" condition, this was followed by a 2-s maintenance period, during which a blank screen was presented. Subjects were asked to maintain a mental image of the grating, including its contrast. At the end of the maintenance period, a single pulse of TMS (at PT) was delivered over the early visual cortex. The TMS pulse was followed by a blank screen for 500 ms, after which the sentence "Phosphenes? 0 1 2 3" appeared in the middle of the screen. At this point subjects were asked to verbally provide a rating of their phosphene perception using the following scale (adapted from the PAS-scale of Ramsøy and Overgaard, [@B19]): 0 = phosphene was absent; 1 = phosphene was weak; 2 = phosphene was almost clear; 3 = phosphene was absolutely clear.

![**Timelines of a TMS trial (above) and of a catch trial (below) in Experiment 1 in the visual imagery condition**. The trials in the "Passive viewing" condition had the same structure as the TMS trials. In the "Passive viewing" condition, there were no catch trials and subjects were not asked to maintain a mental image of the grating.](fpsyg-02-00029-g001){#F1}

In order to ensure that subjects were maintaining the stimulus contrast in the Imagery condition, "catch" trials were included. On these trials, the maintenance period was followed by another grating that had either the same or different contrast as the memory item (the orientation was the same). The contrasts used in "Different trials" were different by 0.4--0.6 in Michelson contrast, such that the contrast pairs were: 0.1 vs. 0.7; 0.5 vs. 0.1; 0.9 vs. 0.5; 0.1 vs. 0.5; 0.5 vs. 0.9; 0.9 vs. 0.3). These contrast differences provided a catch trial performance in the region of 80%, ensuring that the task was of sufficient difficulty. One Imagery block consisted of 48 trials, of which 36 were TMS trials (12 for each contrast type) and 12 were catch trials (4 for each contrast type). The block was run four times; there were thus a total of 48 TMS trials per contrast.

#### "Passive" control condition

A "passive" control condition was also carried out in order to rule out the possibility that any impact of visual imagery on phosphene perception is not simply due to the presentation of the memory item. In this condition, the experimental trials were identical with the exception that subjects were not required to memorize the contrast of the grating during the maintenance period, and there were no catch trials. Each "Passive" block consisted of 36 trials, 12 for each contrast level. This block was also run four times.

The Imagery and Passive conditions were run consecutively. Half of the participants started with the Imagery condition, the other half with the Passive condition. Before the experiment subjects performed a series of practice trials (without TMS) to familiarize themselves with the task.

### TMS stimulation and site localization

Transcranial magnetic stimulation was delivered by means of a Magstim Standard Rapid machine (Magstim, UK) via a 70-mm figure-of-eight-shaped coil. The early visual cortex was localized using a functional method in which the center of the coil is placed on the surface of the skull such that the stimulation elicits phosphenes that intrude the target location (for a discussion of this method, see Walsh and Pascual-Leone, [@B37]). In the present study, the phosphene location was such that it appeared in the center of the grating to be remembered. The starting point for the functional localization was the medial early occipital cortex, because stimulation of this site induces phosphenes intruding into both hemifields (as did the grating stimuli in the present study). For each subject, the PT was identified using a modified binary search algorithm (Tyrrell and Owens, [@B36]), an adaptive threshold finding algorithm, which gives a value for TMS intensity at which participants report phosphenes at 50% of trials. In this method, the TMS intensity is increased or decreased according to the subject\'s report on the previous trial. The original upper boundary of the stimulation is 100% of stimulator output, and the lower limit is 0%. TMS is applied at the value in the middle of the upper and lower boundary (i.e., if the lower and upper boundaries are 0 and 100%, then TMS is applied at 50%). If the participants reports seeing a phosphene, then the upper boundary is adjusted (such that the current TMS intensity becomes the upper boundary). If the participant does not see a phosphene, the lower boundary is adjusted, such that the current TMS intensity becomes the lower boundary. This is repeated until the two boundaries converge.

During the thresholding subjects had their eyes opened and viewed a computer screen with the same mean luminance as used in the main experiment. The mean TMS intensity required for inducing phosphenes was 63% of the maximum stimulator output (SD = 19); during the experiment, subjects were stimulated at PT.

Results
-------

In two participants the rate of phosphene perception in both the passive viewing and the VSWM conditions was higher than 75%, indicating that PT was underestimated and consequently the TMS intensity was too high. These subjects were removed from the analysis.

Figure [2](#F2){ref-type="fig"} shows the proportion of "Phosphene present" judgments as a function of stimulus contrast (0.1, 0.5, or 0.9) and task condition (imagery or passive viewing). In this analysis, the three response types which indicate phosphene presence (i.e., "weak"; "almost clear," "absolutely clear") are combined. A 2 × 3 ANOVA, with task condition (imagery or passive viewing), and contrast level (0.1, 0.5, 0.9) as within-subjects factors revealed a main effect of task condition \[*F*(1,7) = 6.56, *p* = 0.038\] but no main effect of contrast \[*F*(2,14) = 0.72, *p* = 0.50\] and no interaction \[*F*(2,41) = 0.5, *p* = 0.62\]. This analysis thus indicates that there was a general increase in "phosphene present" judgments associated with visual imagery which was not affected by stimulus contrast. Figure [3](#F3){ref-type="fig"} shows the vividness ratings for the "Phosphene present" judgments for the Imagery and Passive viewing conditions. As can be seen in the figure, the vast majority of phosphenes were classified as "weak."

![**The mean (*n* = 8) proportion of "Phosphene present" judgments as a function of stimulus contrast (0. 1, 0.5, or 0.9) and task condition (Imagery vs. Passive viewing), collapsed over the three response types which indicate that a phosphene was perceived (i.e., "weak," "almost clear" and "absolutely clear" on the response scale)**. TMS was applied at phosphene threshold, which refers to the intensity at which phosphenes are perceived at 50% of trials (i.e., proportion of "phosphene present" trials is 0.5). Overall subjects perceived more phosphenes in the Visual imagery condition compared to the Passive viewing condition. However, grating contrast had no impact. Error bars represent ±1 SEM.](fpsyg-02-00029-g002){#F2}

![**Mean (***n*** = 8) vividness rating for perceived phosphenes in the "Visual imagery condition" (A) and in the "Passive viewing" condition (B) of Experiment 1**. Error bars represent ±1 SEM.](fpsyg-02-00029-g003){#F3}

The performance on catch trials was on average 82% (low contrast: 82%, middle contrast: 82%, high contrast: 81%). In a one-way ANOVA, catch trial accuracy was unaffected by the contrast of the memory item \[*F*(2,14) = 0.04, *p* = 0.96\].

In summary, luminance contrast of mental imagery did not modulate the frequency of phosphene perception in Experiment 1.

Experiment 2: The Impact of Stimulus Contrast of Imagined Visual Stimuli on Phosphene Perception *in the Absence of Catch Trials and at Lower/Higher TMS Intensity*
===================================================================================================================================================================

In Experiment 1, a catch trial could be presented instead of a TMS pulse on any trial. This catch trial appeared at the same point in time as the TMS pulse on TMS trials. Therefore, in order to perform accurately on these catch trials, subjects had to monitor for the presence of catch trial on *all* trials. The impact of this may be that the knowledge of a possible catch trial stimulus may shift attention and neural activity away from visual imagery toward stimulus expectation, thus abolishing contrast dependency of visual imagery. In Experiment 2, this issue was investigated by removing catch trials from the experiment.

A second objective of Experiments 2 was to investigate whether stimulation intensity may have affected our results. There were two motivations for this. Firstly, *an increase* in phosphene perception by an experimental manipulation may be more likely to be found with lower TMS intensities, as there is more scope for phosphene perception to increase. A second motivation is that the interaction between TMS intensity and the neural activation state is not necessarily linear. TMS produces different neural and behavioral effects at low vs. high intensities (Reichenbach et al., [@B21]; Schwarzkopf et al., [@B28]). It is thus important to investigate whether the lack of contrast modulation in Experiment 1 is due to suboptimal TMS intensity. We thus applied TMS, in a within-subjects design, at 100% of PT (as in Experiment 1), and at 90% of PT.

Participants
------------

Eight participants (three males, mean age = 22.6 years, SD = 2.9) took part in Experiment 2.

Visual stimuli and experimental task
------------------------------------

The visual stimuli and the task were the same as in Experiment 1, with the exception that catch trials were not included. Subjects were asked to maintain a mental image of the grating on each trial (as was the case in Experiment 1). The experiment was run in four blocks of 48 trials (there were 32 trials per each stimulus contrast for each TMS intensity). The 100% PT and 90% PT TMS conditions were ran in separate bocks (two blocks for each TMS intensity).

Transcranial magnetic stimulation
---------------------------------

Transcranial magnetic stimulation was carried out as in Experiment 1. The mean PT was 62% (SD = 17) of the maximum stimulator output. In the experiment, TMS was applied either at 100% of PT or at 90% of PT.

Results
-------

Figure [4](#F4){ref-type="fig"} shows phosphene present judgments as a function of stimulus contrast and TMS intensity. Firstly, we analyzed the proportion of trials on which subjects perceived a phosphene as a function of contrast; in this analysis, the three response types (i.e., "weak"; "almost clear," "absolutely clear"), which indicate phosphene presence, are combined. A 2 × 2 ANOVA, with contrast level (0.1, 0.5, 0.9) and TMS intensity as main factors (100% of PT, 90% of PT), revealed a significant main effect of contrast \[*F*(1,7) = 7.9, *p* = 0.005\], a significant main effect of TMS intensity \[*F*(1,7) = 28.9, *p* = 0.001\] and a significant interaction between the two \[*F*(2,47) = 4.9, *p* = 0.02\].

![**Mean (***n*** = 8) proportion of "Phosphene present" judgments in Experiment 2**. The measure is collapsed over the three response types which indicate that a phosphene was perceived, i.e., "weak," "almost clear" and "absolutely clear" on the response scale rating. Error bars represent ±1 SEM. Mental imagery contrast interacted with TMS intensity. When TMS was applied at 90% of PT, significantly more phosphenes were perceived in the high and middle contrast conditions relative to the low contrast condition, indicating that an increase in luminance contrast enhances visual cortical excitability. When TMS was applied at 100% of PT, a significant difference was found between the low and middle contrast conditions, but not between the low and high contrast conditions.](fpsyg-02-00029-g004){#F4}

*Post hoc* (Sidak-adjusted) comparisons indicated that, when TMS was applied at 100% of PT, subjects perceived more phosphenes in the middle (0.5) contrast condition relative to the low (0.1) contrast (*p* \< 0.01) and high (0.9) contrast (*p* \< 0.01) conditions. There was no significant difference between the low and high contrast conditions (*p* = 0.89). Thus most phosphenes were induced in the middle contrast condition when TMS was applied 100% of PT. A different pattern was found for the 90% of PT condition: relative to the low (0.1) contrast condition, subjects perceived more phosphenes in the middle (0.5) contrast (*p* \< 0.05) and high (0.9) contrast (*p* \< 0.05) conditions. There was no significant difference between the middle and high contrast conditions (*p* = 0.82). Thus more phosphenes were induced in the middle and high contrast conditions relative to the low contrast condition. The vividness ratings for both TMS intensities are shown in Figure [5](#F5){ref-type="fig"}. As can be seen in the figure, the vast majority of phosphenes were classified as "weak."

![**Mean (***n*** = 8) vividness ratings of perceived phosphenes in Experiment 2 for (A) 100% PT condition; and (B) 90% PT condition**. Error bars represent ±1 SEM.](fpsyg-02-00029-g005){#F5}

In summary, mental imagery contrast modulated phosphene frequency, but the nature of this modulation depended on TMS intensity.

Experiment 3: The Impact of Stimulus Contrast of Imagined Visual Stimuli on Phosphene Perception *with Delayed Catch Trials and at Lower/Higher TMS Intensity*
==============================================================================================================================================================

As discussed above, the timing of the catch trial presentation in Experiment 1 may have masked the impact of mental image contrast on visual cortical excitability. This is because accurate catch trial performance required the subjects to monitor for the presence of catch trial targets on *all* trials at the time when the phosphene was induced. In Experiment 3, this issue was investigated by introducing a 1-s delay between the end of the maintenance period and the presentation of the catch trial target. This delay ensured that subjects were not required to monitor for the catch trial at the time when the phosphene was induced. As in Experiment 2, TMS was applied either at PT (i.e., 100% of PT) or below PT (i.e., at 90% of PT).

Method
------

### Participants

Seven participants (three males, mean age = 27 years) took part in Experiment 3.

#### Visual stimuli and experimental task

The visual stimuli and the task were the same as in Experiment 1, with the exception that only the low (0.1) and high (0.9) Michelson contrast targets were included. Subjects were asked to maintain a mental image of the grating on each trial. The experiment was run in four blocks of 40 trials; thus the whole experiment consisted of 160 trials. There were 32 trials for both stimulus contrasts at both TMS intensities (i.e., a total of 128 TMS trials). In addition there were 16 catch trials for both stimulus contrasts. The catch target could be of either same or different contrast as the memory item; if it was different, its contrast differed from the memory item by 0.4 (Michelson contrast). The 100% PT and 90% PT TMS conditions were ran in separate bocks (consecutive two blocks for each TMS intensity). The order of these blocks was counterbalanced; one half of participants started with the 90% PT condition and the other half started with the 100% PT condition. Subjects were asked to indicate whether they perceived a phosphene. In contrast to Experiments 1 and 2, vividness ratings were not collected.

#### Transcranial magnetic stimulation

Transcranial magnetic stimulation was carried out as in Experiment 1. The mean PT was 59% (SD = 21) of the maximum stimulator output. In the main experiment, TMS was applied either at 100% of PT or at 90% of PT.

Results
-------

Figure [6](#F6){ref-type="fig"} shows phosphene present judgments as a function of stimulus contrast and TMS intensity. A 2 × 2 ANOVA, with contrast level (0.1, 0.9) and TMS intensity (100% of PT, 90% of PT) as main factors, revealed a significant main effect of contrast \[*F*(1,6) = 10.29, *p* = 0.02\], a significant main effect of TMS intensity \[*F*(1,7) = 25.5, *p* \< 0.001\] and a significant interaction between the two \[*F*(2,27) = 8.94, *p* = 0.024\]. *Post hoc* (Sidak-adjusted) comparisons indicated that, when TMS was applied at 90% of PT, subjects perceived more phosphenes in the high (0.9) contrast condition than in the low (0.1) contrast condition (*p* \< 0.01); no such difference was found when TMS was applied at 100% of PT (*p* = 0.53).

![**Mean (***n*** = 7) proportion of "Phosphene present" judgments in Experiment 3**. As in Experiment 2, there was no difference in phosphene frequency between the low and high contrast stimuli when TMS was applied at 100% of phosphene threshold. When TMS was applied at 90% of PT, significantly more phosphenes were perceived during high contrast mental imagery than in the low contrast imagery condition, indicating that an increase in contrast enhanced visual cortical excitability. Error bars represent ±1 SEM.](fpsyg-02-00029-g006){#F6}

Subject\'s mean performance on catch trials was: *low contrast, 90% PT TMS*: 83%; *high contrast, 90% PT TMS*: 84%; *low contrast, 100% PT TMS*: 81*%; high contrast, 100% PT TMS*: 84%.

In summary, mental imagery contrast modulated phosphene frequency when TMS was applied below PT (90% of PT), but not when TMS was applied at 100% of PT.

Experiment 4: The Impact of Auditory Short-Term Memory on Phosphene Perception
==============================================================================

It could be argued that any difference in phosphene frequency between the active imagery and passive viewing conditions in Experiment 1 is due to cognitive load being higher in the former. In this view, it is not the engagement of the visual system by mental imagery that affects phosphene perception, but rather the demand on cognitive resources by WM. To test this possibility, the impact of non-visual WM load on phosphene perception was investigated. In this study, involving auditory memory, subjects were asked to hold brief sounds in WM while phosphenes were induced.

Method
------

### Participants

Eleven participants (five males, mean age = 24.1, SD = 2.1) took part to Experiment 4. Ten of the subjects had taken part in Experiment 1.

### Auditory stimuli and experimental task

Each trial began with a black fixation point appearing in the middle of the gray screen for 1000 ms, followed by a blank screen for 500 ms, after which a sound was delivered through headphones. The duration of the sound was either 400, 500, 600, or 700 ms. The sound was followed by a blank screen for 2000 ms. In the "Auditory memory" condition, subjects were asked to memorize the sound duration. A single pulse of TMS at each subjects' individual PT was delivered over the early visual cortex. This was followed by a blank screen (500 ms), after which participants reported whether they had perceived a phosphene (as in Experiment 1). On catch trial, a test stimulus was presented instead of the TMS pulse; its duration could be either the same (in half of the trials) or different (differing for 100 ms) than that of the memory item. Each block consisted of 32 trials, of which 24 were TMS trials and 8 were catch trials. The proportion of catch trials per block was the same as in Experiment 1. This block was run twice; there were thus a total of 48 TMS trials.

#### "Passive" listening condition

In the passive listening condition, the trial structure was the same but subjects were not required to memorize the duration of the sound and there were no catch trials. This condition was run in one block of 48 trials.

Half of the participants started with the passive listening condition, the other half with the auditory memory condition.

### Transcranial magnetic stimulation

Transcranial magnetic stimulation was carried out as in the experiments above. The mean PT was 57.8% of the maximum stimulator output (SD = 11.5).

Results
-------

Figure [7](#F7){ref-type="fig"} shows the proportion of "Phosphene present" judgments in the Auditory memory and Passive listening conditions. In this analysis, the three response types indicating phosphene presence (i.e., responses 1, 2, and 3) are combined. A repeated-measures ANOVA with task condition (auditory memory vs. passive listening) as main factor found no significant difference between the two conditions, *F*(1,10) = 0.04, *p* = 0.86, suggesting that there was no general effect of memory load on phosphenes judgment. The mean catch trial performance was 75%, a level similar to that in the VSWM condition (80%).

![**The mean (***n*** = 11) proportion of "Phosphene present" judgments in Experiment 4**. There was no significant difference in the proportion of perceived phosphenes between the "auditory memory" and "passive listening" conditions. This shows that non-visual cognitive load did not modulate the excitability of the visual cortex. Error bars represent ±1 SEM.](fpsyg-02-00029-g007){#F7}

Participants gave overall more "1" ratings (corresponding to weak phosphenes perception) compared to "2" and "3" ratings in both the auditory memory condition (rating "1" = 38.3%; rating "2" = 11.9%; rating "3" = 3.0% of the total TMS trials), and in the passive listening condition (rating "1" = 36.0%; rating "2" = 10.8%; rating "3" = 7.0% of the total TMS trials).

In summary, Experiment 4 showed that auditory WM did not modulate phosphene perception relative to passive auditory condition.

Discussion
==========

Our results show that the luminance contrast of mental imagery modulates the excitability of the visual cortex, and that the assessment of this modulation is affected by the TMS intensity with which the neuronal populations are probed. In Experiment 1, phosphenes were perceived more frequently during visual mental imagery than in the "passive" viewing condition, indicating that visual imagery led to a general increase in visual cortical excitability. This is consistent with previous evidence (Sparing et al., [@B35]) and demonstrates that our VSWM paradigm engaged the early visual cortex. However, the frequency of phosphene perception was not modulated by the contrast of the mental image. This lack of modulation may have been due to the knowledge of a possible catch trial stimulus shifting attention and neural activity away from visual imagery toward stimulus expectation, thus abolishing contrast dependency of visual imagery. This may have occurred because the catch trial target was presented at the same time point at which the phosphene was induced on TMS trials. Thus the subjects were required to monitor for the presence of a catch trial target on *all* trials; the impact of divided attention may have masked the effect of mental imagery contrast on neuronal excitability. This possibility is supported by the findings that in Experiment 2 (in which catch trials were not included) and Experiment 3 (in which the catch trial targets were presented at a later time point such that no monitoring for catch trials was required), the frequency of phosphene perception *was* modulated by the mental image contrast. Finally, in Experiment 4, auditory imagery did not modulate phosphene perception, indicating that the increase in visual cortical excitability in Experiments 1--3 is not due to non-visual cognitive load.

Interaction between TMS intensity and imagery contrast: assessment of excitability is affected by stimulation intensity
-----------------------------------------------------------------------------------------------------------------------

Interestingly, the impact of mental imagery contrast on phosphene perception depended on TMS intensity. In Experiment 2, when TMS was applied below PT, significantly more phosphenes were perceived in the middle and high contrast conditions relative to the low contrast conditions. This is roughly in line with a positive relationship between luminance contrast and excitability (although no increase from middle to high contrast was found; see next paragraph). In contrast, when TMS was applied at PT, a different pattern was observed. Significantly more phosphenes were perceived in the middle (0.5) contrast condition relative to the low (0.1) contrast condition *as well as* relative to the high (0.9) contrast condition. Furthermore, the significant difference between low and high contrast conditions, which was present when TMS was applied below PT, was not found.

The former pattern is perhaps more straightforward to explain. When contrast is increased from low to middle, neuronal excitability is increased and thus more phosphenes are perceived. The lack of any further excitability increase when moving from middle contrast to high contrast could be due to response saturation. In most V1 neurons the facilitation of neuronal firing resulting from a contrast increase is largest at relatively low contrasts. When stimulus contrast is already high, an additional increase has relatively small effect on neuronal responses. Neuroimaging evidence in human observers has shown that increasing the contrast from 0.5 to 0.9 Michelson contrast has a proportionally smaller impact on the activation level than increasing it from 0.1 to 0.4 (e.g., Boynton et al., [@B5], [@B4]).

When TMS was applied at 100% of PT, the surprising finding is that phosphene perception was *less* frequent in the high contrast condition than in the middle contrast condition. It appears as if neural excitability increased from low to middle contrast condition, and then decreased from middle contrast to high contrast condition. However, a more parsimonious explanation of these results is that the assessment of neuronal excitability is affected by the strength of the external signal with which the neurons are probed. There is prior evidence on the non-linearity of TMS effects when stimulation intensity is manipulated. Moliadze et al. ([@B17]) showed that, when applied concurrently with visually induced neural activity, low intensity TMS facilitated neural firing, whereas high intensity TMS had a suppressive effect. This difference between low vs. high intensity TMS effects may interact with the initial state of the stimulated neurons. For example, stimulation that can be described as "Low Intensity" at a baseline state of excitability might have a stronger impact when neurons are in a high state of excitation. In other words, the impact of "facilitatory low intensity" TMS may be more similar to that of "suppressive high intensity" TMS when excitability is increased. In the present study, if mental imagery contrast modulates neuronal excitability, then what can be described as "low intensity" and what as "high intensity" TMS would depend on stimulus contrast. Specifically, the transition from "facilitatory low intensity" stimulation to "suppressive high intensity" stimulation would occur at a lower TMS intensity for the high contrast stimulus than for lower contrasts (assuming a positive relationship between excitability and contrast). 100% of PT may be the transition point from facilitatory to suppressive effects for the high contrast mental stimulus; this may explain why the facilitation observed at 90% of PT relative to the low contrast stimulus is no longer found. For the middle contrast stimulus the transition would occur at a higher TMS intensity and thus the facilitation (relative to the low contrast stimulus) is still present at the higher intensity (i.e., 100% of PT).

A similar interaction between TMS intensity and mental imagery contrast was also found in Experiment 3. In this experiment, a modulatory impact of mental imagery contrast on phosphene perception was found at the lower (90% of PT) TMS intensity but not when TMS was applied at 100% of PT. This pattern of results replicates the findings of Experiment 2 (note that the "middle" contrast was not included in Experiment 3). It is worth noting that catch trials were included in Experiment 3 and thus one can be confident that subjects were indeed engaging in WM maintenance.

Content of WM maintenance modulates visual cortical excitability: contrast response function of mental imagery
--------------------------------------------------------------------------------------------------------------

The finding that stimulus contrast had no effect on phosphene frequency when subjects passively viewed the visual stimuli ("Passive condition" in Experiment 1) demonstrates that results of Experiments 2 and 3 are due to VSWM maintenance rather than mere perception of the stimuli. That WM increases visual cortex neuronal excitability is consistent with the fMRI evidence (Soto et al., [@B33]) showing that the reappearance of a stimulus held in WM enhances activity in occipital areas known to encode the prior occurrence of stimuli. These findings are also consistent with prior TMS studies in which active maintenance of visual features has been shown to selectively increase the excitability of visual neurons engaged in VSWM (Silvanto and Cattaneo, [@B30]). When the impact of maintaining visual stimuli in WM has been assessed with behavioral paradigms rather than phosphenes, facilitations in the detection of the memory item have been found (Cattaneo et al., [@B10]; Schwarzkopf et al., [@B27]; Soto et al., [@B34]). Thus both phosphene studies and behavioral TMS studies indicate that neurons engaged in WM are more readily activated by TMS. In contrast, in conventional "passive" priming paradigms TMS has been found to impair the detection of the primed attribute (Cattaneo, [@B7]; Silvanto et al., [@B32]) and/or facilitate the detection of non-primed attributes (Cattaneo et al., [@B9], [@B7]). This is consistent with the evidence that mere stimulus repetition elicits a suppressive response in the same regions in which facilitation of neural activity is observed during WM maintenance (Soto et al., [@B33]).

A large number of studies have implicated visual cortical areas in visual imagery (see Postle, [@B18] for review), and these regions have been shown to play a causal role in VSWM maintenance (Cattaneo et al., [@B10]). There is also more direct evidence indicating that the visual cortical activation changes induced by imagery can directly interact with information reaching awareness. As discussed above, maintaining the direction of a motion stimulus in VSWM affects the direction of moving phosphenes induced from the motion-selective area V5/MT (Silvanto and Cattaneo, [@B30]). This indicates that the neurons which give rise to visual motion perception are also engaged in the WM maintenance (Silvanto and Cattaneo, [@B30]). The present results extend this literature by demonstrating that a parametric modulation of a stimulus attribute produces systematic changes in the excitability of the early visual cortex. In other words, not only does WM selectively engage neurons that are strongly activated by visual presentation of the maintained attribute, but also the extent to which those neurons are activated depends on strength of the mental image (in this case luminance contrast). This provides further evidence for the view that mental imagery is based on similar neuronal mechanisms as visual perception.

Conclusion
==========

Our results show that luminance contrast of mental imagery modulates neuronal excitability in the early visual cortex. Not only does WM maintenance selectively engage neurons which are tuned to the maintained attribute (as has previously been shown), but the extent to which those neurons are activated depends on strength of the mental image (in this case luminance contrast). This suggests that the similarity in neuronal processes between visual perception and imagery extends to contrast response function and that the early visual cortex underlies the subjective experience of contrast in mental images. From a methodological viewpoint, these results suggest that assessment of visual cortical excitability using TMS is affected by the TMS intensity used to probe the neuronal population.
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